ology for evaluation of the pavement marking technology. This method was tested at an on-road test site on Interstate 10 in Florida. Similarly, new pavement marking materials and methods have been developed that require evaluation. Rumble stripes (i.e., rumble strips with a painted line), temporary tape products, different retroreflective elements, and polyurea materials all merited investigation.
PurPose and scoPe
The purpose of this project was to establish a performance specification for pavement marking materials in wet nighttime conditions and also to evaluate the new retroreflectivity testing methods based on the drivers' visual performance. The performance of the markings was verified on the basis of the participants' ability to detect the end points of the markings in both rainy and clear conditions simulated at the Virginia Tech Transportation Institute (VTTI).
Methods experimental design
The experimental design used in this project consisted of a 2 × 3 × 4 × 2 mixed-factors design. The factors and the levels are described as follows.
Between-Subjects Variables
The between-subjects variables included the following:
• Participant age (two levels): younger (18 to 34 years old) and older (65 years old and older). The younger and older age groups were selected to investigate the changes in vision and perception that may occur with increasing age.
• Weather condition (three levels): dry, raining, and recovery. Although the intent of the study was to evaluate pavement marking performance in the rain, a subset of participants performed the study in dry conditions so a comparison to a control group could be made. The recovery condition was included to evaluate how the markings perform during recovery. The recovery could only be collected at the end of an experimental session.
Within-Subjects Variables
The within-subjects variables included the following:
• Marking (four levels): 3M white wet-reflective tape, 3M yellow wet-reflective tape, Ennis High Build paint in a rumble strip,
Refinement of Drivers' Visibility Needs During Wet Night Conditions
Ronald B. Gibbons, Brian Williams, and Benjamin Cottrell
The purpose of this project was to develop a specification for the minimum retroreflectivity of pavement markings in wet nighttime conditions. For this specification to be established, the performance of four retroreflective pavement marking materials in wet night conditions was evaluated. The performance of the pavement markings was evaluated by driver participants under simulated rain conditions with a protocol similar to that of studies that had already been performed at the Virginia Tech Transportation Institute, Virginia Polytechnic Institute and State University. The performance of the markings was verified on the basis of the participants' ability to detect the end points of the markings in both rainy and clear conditions. This investigation reached the following conclusions: (a) The materials developed over recent years showed an improved performance over those tested previously. (b) The log-linear relationship found previously was functional for the data provided. Two models were developed. The model with no intercept provided a more constrictive boundary at low levels of retroreflectivity. This project is the follow-on to a previous multiphased project entitled "Visibility Needs of Drivers Under Wet Night Conditions." The primary purpose of the previous project, in its entirety, was to determine the visibility needs of motorists during wet nighttime conditions. Those findings were then used to develop performance measures for evaluating wet nighttime retroreflectivity of pavement delineation devices. The original project was undertaken in six different phases (1, 2) .
Since the completion of the original wet visibility project, further research has resulted in new methods for the evaluation of the pavement markings. These developments include a new spray method-and Epoplex Glomarc 90. These pavement markings were chosen so a variety of pavement marking types could be evaluated. A more detailed description of each marking can be found in the pavement materials section of this report. Because the markings were installed on the roadway, order balance was not a possibility and each participant observed the markings in the same order.
• End point (two levels): start and stop. Participants were asked to identify the end of a pavement marking as a stop or start so the in-vehicle experimenter could be sure which part of the line the participant was seeing. This differentiation was included in the analysis to see if it had any effect on detection.
Dependent Variables
As a measure of the visibility of the pavement markings, the distance at which participants could see the start or the end of a line was recorded. The ends of the markings were simulated by covering portions of the line using black roofing material, creating the illusion that there were gaps in the pavement markings. When a participant could first see the end of a line, he or she would verbally identify it by saying "Stop" if the line was coming to an end or "Start" if the line was beginning again. The in-vehicle experimenter would press a button when the participant identified a "stop" or "start," and again when the vehicle reached the actual start and end point on the road. These buttons flagged the data so, during later analyses, the distance traveled between those two points could be determined. This distance was called the detection distance for that particular marking.
Participants
Thirty-six participants were selected for this study. Participants were selected from two age categories: younger (18 to 34 years old) and older (65+). Twelve participants from each age group performed the study in wet conditions, and six from each age group performed the study in dry conditions. Each group of participants consisted of an even number of males and females. Virginia Tech Institutional Review Board approval was obtained before recruiting subjects. Subjects were paid $20 per hour and were allowed to withdraw at any point in time, with compensation adjusted accordingly.
Facilities and equipment

Virginia Smart Road
The experiment took place at VTTI and on the Virginia Smart Road in Blacksburg, Virginia. The Smart Road is a 2.2-mi two-lane controlled access road.
The markings were installed on the Smart Road. Two of the technologies were installed on the main portion of the road and two of the technologies were installed on an auxiliary road portion. This auxiliary road portion was used for the installation of the rumble stripes and the yellow markings.
Test Vehicles
Subjects drove a 2003 model Chevy Malibu with halogen low beams. An in-vehicle experimenter rode in the back seat for the duration of the study. Each Malibu was equipped with a data acquisition system (DAS), which recorded vehicle network data and four camera views inside and around the vehicle. The DAS recorded the driving distance and the button presses for the detection distance calculations. The DAS also recorded information entered by the experimenter, such as the participant's age, subject number, and button presses. In addition, each vehicle was equipped with a luminance camera system that took specialized photos throughout the study. These photos allowed for the measurement of the luminance of any object captured in the forward view of the vehicle.
experimental Procedure
Participants were initially screened over the telephone. If they were eligible for the study, a time was scheduled for testing. Participants were instructed to meet an experimenter at VTTI in Blacksburg, Virginia. Participants were scheduled in pairs. On arriving at VTTI, each participant was asked to read and sign the informed consent form and fill out a W9 tax form, a health questionnaire, and a predrive questionnaire. A participant's visual acuity was determined with a Snellen chart and a minimum score of 20/40 vision was required for further participation.
Once all forms and vision tests were complete, the experimenter would orient the participant to the study. Participants were then shown a diagram to help them visualize what was meant by a line stopping and starting and instructed to say "Stop" as soon as they saw the end of the line and to say "Start" as soon as the line appeared. Participants were asked to identify a white cone placed in the middle of the road to encourage a normal scanning behavior and to prevent them from simply staring at the shoulder line.
Once participants had been oriented to the study, each in-vehicle experimenter would escort his or her assigned participant to the experimental vehicle. The in-vehicle experimenter would familiarize the participant with the vehicle controls, such as seat and mirror adjustments and wiper controls. Once the participant and computer systems in each vehicle were ready, the experimenters would instruct the participants to exit the parking lot and drive to the Smart Road.
Participants drove a practice lap to familiarize them with the vehicle and the route they would be driving on the Smart Road. In addition, the in-vehicle experimenters would answer any questions. No pavement markings were covered during the practice lap, and participants were not asked to identify any starts or stops.
After the practice lap was complete, the test laps began. Each participant drove eight test laps, during which they identified starts and stops in the lines. Participants were asked to drive at 20 mph. For the single-lane auxiliary road, participants alternated looking for starts and stops in the white line (during odd-numbered laps) and the yellow line (during even-numbered laps). For participants completing the study in the rain, one final lap was recorded. This lap, called the recovery lap, was completed with the rain turned off. Participants completing the study in dry conditions did not perform the recovery lap.
Once all laps were complete, participants were instructed to exit the Smart Road and return to the VTTI parking lot. From there, the experimenters escorted each participant back inside. Participants were then given a copy of the informed consent form and a receipt showing their time of participation and how much compensation they would receive. Participants earned $20 per hour and were mailed a check within 2 weeks of participation.
retroreflectivity
In addition to the human subjects experiment, the retroreflectivity of the markings was recorded at different intervals after installation to assess each marking's performance over time. Retroreflectivity was recorded for four different conditions: dry (ASTM E1710-97), the bucket test (ASTM E2177-01), 1 in./h of rain, and 2 in./h of rain. The retroreflectivity was measured using an LTL-X retroreflecto meter, and the rain conditions were created by using a rain box built by VTTI according to specifications from ASTM WK19806.
This retroreflectivity was measured three times for each marking section; measurements were made at the beginning, middle, and end of each marking section. The three readings for each condition and each location on a marking were averaged together to find an overall average for each condition.
results detection distance
The detection distance was considered in an analysis of variance (ANOVA) considering all of the experimental design parameters. The results from this ANOVA [a significance level of 95% (α = .05)] are summarized in Table 1 . The significant factors are denoted by an asterisk and the associated F-values are shown.
Within this analysis, participant age, marking type, and weather condition were all found to be significant main effects. The interactions of participant age and weather condition and marking type and weather condition were also found to be significant. The main effects are represented in the interactions listed.
A significant interaction was found between participant age and weather condition, as shown in Figure 1 . For the weather condition Note: df = degrees of freedom; SS = sums of squares; Pr = probability; sig. = significance. a p < .05 (significant). results, dry conditions produced significantly higher detection distances than recovery or rain, and rain had the lowest distances. This was expected because the weather conditions are known to reduce marking visibility. This marking visibility reduction includes both the impact of the rain and the flooding of the marking material. For each age group, younger participants had higher detection distances in each condition. The performance of the marking will automatically be reduced in the rain condition because of the reduced transmissivity of the atmosphere as the rain is flowing, which reduces both the amount of light from the vehicle headlamps reaching the material and the amount of light returned to the driver's eyes. This effect, compounded with the reduction in retroreflective performance of the material itself, is represented in this result. The impact of the reduced retroreflectivity is represented in the recovery assessment. The interaction of marking type and weather condition was also found to be significant. Figure 2 shows that each of the materials exhibited a common pattern with a reduction in the performance from dry to recovery conditions and then a further reduction in the rain condition. However, the paint in a rumble stripe showed no decrease in distance from dry to recovery conditions even though this was the first material tested in the recovery lap and would have had the shortest time to recover. This indicates that the water drainage and the vertical faces on the rumble stripe provide quick recovery during the initial drying period. retroreflectivity Figure 3 shows the mean retroreflectivity for each marking segment for each of the measurement methods. As seen, all of the markings had reduced retroreflectivity in the wet test conditions. It is noteworthy that the 1-in./h box method and the 2-in./h box method typically showed a similar value with the bucket test having a higher result. The drop in the retroreflectivity for the polyurea material from the dry to the wet conditions also seems much higher than expected in comparison to the other materials.
FIGURE 1 Mean detection distance by participant age and weather condition (all).
summary
In general, the results show that the materials performed similarly in the wet night conditions. Although each of the materials had significant reduction from the dry to the wet conditions, they were all within 10 ft of detection distance when compared. However, the retroreflectivity measurements show a greater variation than does the detection distance. The influence of driver age was predictable and followed the expected trend. The final note is that the rumble stripe configuration of the marking materials seemed to show better performance in the recovery condition than did the other tested materials.
discussion oF results
The results from this experiment can be used to develop a required retroreflectivity value to establish proper visibility distances for pavement markings. Also, the applicability of the retroreflective measurements to both yellow and white marking types should be considered.
correlation of retroreflectivity and detection distance
To be a valuable indicator of material performance, the measured retroreflectivity must be related to the visual performance determined here. An initial correlation matrix of Pearson correlation coefficients between the detection distance and the retroreflectivity has been developed and is shown in Table 2 . This table shows that for the dry detection distance, the correlation to the dry retroreflectivity Marking and Weather Condition is fairly strong. As expected, the wet detection distances are not correlated to the dry measurements but are more strongly correlated to the wet-based measurements. For the wet conditions, the strongest correlation is the 1 in./h rain box test. The best correlations are for the recovery data. Here, the strongest correlations are to the bucket method, which is the test type most similar to a recovery activity. However, the correlation values are high for each condition; there would likely be no impact if a different test methodology were used in the specification. However, there are limited data for this comparison in that only four material types were tested. The previous studies (1, 2) showed that the detection distance and the retroreflectivity were related through a linear-log (Base 10) equation developed as detection distance r etroreflectivity = ( )
where a and b are variables of linear regression. This model was redeveloped with the new instrument retroreflectivity values. For the dry measurements, the model was based on the dry retroreflectivity results; for the recovery measurements, the model was based on the bucket test method; and for the wet conditions, the model was based on the 1 in./h rain box method because this was the method with the highest correlation. The model was developed for these data with no intercept values to constrict the model more closely at low levels. The coefficients for this model are shown in the following table (N = 4) and the complete model is shown in Figure 4 : On the basis of this model, the retroreflectivity appears to begin to provide diminishing returns at levels above 200 to 250 millicandelas per square meter per lux (mcd/m 2 /lx) for the dry condition and 150 mcd/m 2 /lx for the wet condition. This is a similar value to that found in the previous wet night visibility study. This means that the amount of detection distance gained for a unit increase in retroreflectivity becomes less and less as retroreflectivity increases beyond this range.
With the model developed in the previous investigation, a recommendation of 200 mcd/m 2 /lx was developed for adequate wet retroreflectivity in night conditions. This value was established based on a 2-or 3-s sight distance for a driver. From the results of this study, the retroreflectivity relationship has been more clearly defined and a value of 150 mcd/m 2 /lx has been developed. Using the lower value of 150 mcd/m 2 /lx results in a difference of 10 ft of detection versus the earlier recommended value of 200 mcd/m 2 /lx. Using each of the developed models, the speed and required retroreflectivity can be developed. These data, as well as the recommended level and material performance, are shown in Figure 5 and Figure 6 for dry and wet conditions, respectively. These figures show that the limit of 150 mcd/m 2 /lx provides adequate visibility for 55 mph in dry conditions and 40 mph in wet conditions based on a 2-s visibility distance. 
Yellow and White comparisons
Typical specifications for the retroreflectivity of pavement markings have a required retroreflectivity value for the white marking color and a required value of 50% of the white value for the yellow marking color. This specification difference has been developed historically, based on the performance capabilities of the marking materials themselves. Traditional marking technologies have only been able to produce a retroreflectivity in a yellow marking that is about 50% of the white. Because most specifications are material based and not visibility based, this retroreflectivity specification has been carried forward.
In this experiment, the yellow tape product and the white tape product can be compared in the same conditions. These two tape products have matching construction and would be expected to perform similarly. The comparison of the retroreflectivity and the detection distance is shown in Figure 7 .
In this comparison, the performance of the yellow marking is less than that of the white marking for both the rain and dry conditions and follows a similar trend as the retroreflectivity. Halving the required specification for the yellow would further reduce the performance of the material in the rain conditions. From this comparison, it is not likely that a yellow material specification of 50% of the white value would be adequate for visibility. The conclusions from this investigation are as follows:
• The materials developed over recent years showed an improved performance over those tested previously except for the old-style tape material.
• The log-linear relationship found previously was functional for the data provided. Two models were developed. The model with no intercept provided a more constrictive boundary at low levels of retroreflectivity.
• A retroreflectivity value above 250 mcd/m 2 /lx provided limited return in terms of detection distance.
• A specification limit of 150 mcd/m 2 /lx provided adequate visibility for 55 mph in dry conditions and 40 mph in wet conditions with standard dry retroreflectivity measurements and 1 in./h measurements for the wet conditions. This value should be the minimum maintained over the life of the marking.
• The retroreflectivity specifications for a white and a yellow material should be equal.
• The rumble stripe showed a significant recovery time improvement over the other tested materials. recoMMendations Concerning the visibility needs of drivers, it is recommended that a 150-mcd/m 2 /lx minimum for retroreflective pavement marking materials based on dry measurements and 1 in./h rain box measurements be established. Durability of the marking material may also affect the long-range performance of the materials and is being considered in the parallel study also being performed at VTTI. This project is monitoring the retroreflectivity of markings installed on a public highway over a 20-month period and will be completed in June 2011. The recommended specification may be amended on consideration of these results.
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